Abstract. The concept of adaptive loading by FEM simulation can be described as the attempt of generating a reasonably good solution for loading paths in metal forming, by adaptively controlling the value of process parameters as long as the simulation proceeds, reacting to the instantaneous results of the simulation itself, i.e. by monitoring the values of one or more state variables. Therefore, a state variable is an indicator of the quality of the part undergoing the deformation. The method has been proposed in a few previous publications [1], [2] and is further investigated in the present paper, by applying it to a non axis-symmetrical deep drawing process where the blankholder force (BHF) is controlled vs. the punch stroke (s). In this case, the loading curve BHF vs. s is adaptively built during a single simulation run of a commercial explicit FEM code.
INTRODUCTION

Optimization
techniques, when used in combination of FEM codes for selection of loading curves are usually sequential, i.e. based on the interpolation of results obtained by several simulation runs. Generally speaking, sequential optimization techniques are best suited for the geometric design of tools and dies. However, a few examples are available in the scientific literature where sequential optimization has been applied for the selection of timedependent process control variables. In the field of sheet metal forming, these methodologies have been often applied to the tube hydroforming process. Some of the most convincing examples are given in [3] and [4] . However, sequential optimization methods show some limitations when used for the determination of loading paths in forming processes where control is a critical issue and where the process window is not very large. In fact, the main drawbacks of sequential optimization techniques, when dealing with control parameters are: -an initial guess for the loading curves is required, which might influence the final result; -usually a high number of simulations is necessary before convergence is reached. For the reasons above mentioned concerning the problems involved in sequential optimization, some authors have introduced the concept of FEM simulation with adaptive determination of loading curves, which is especially useful when the process control is a critical issue, as it happens in the tube hydroforming process, in the deep drawing process with blankholder force control, or in the superplastic forming process. The main goal of this kind of adaptive simulation is not to optimize the loading paths, but rather to quickly determine a "good" feasible solution for difficult to form parts, where the process control is a critical issue. The instantaneous selection of process parameters can be done either by artificial intelligence tools [5] or by the adaptive control theory [2] . Besides, adaptive control has been sometimes used for controlling the actual forming process [6] .
DESCRIPTION OF THE ADAPTIVE CONTROL METHODOLOGY
In this section, a procedure for adaptive determination of loading paths, based on a control system will be described. The adaptive simulation method is designed to select the values of a vector of control variables u(t), by detecting and controlling the values of a vector of state variables x(t). A linear dynamic model (Eq. 1) is necessary to estimate the relation between process parameters u(t) and state variables x(t). The problem is solved by optimizing the quadratic cost function given in Eq. 2, where the weights of the matrix W(t) can be increasing or decreasing with the time t, in order to give greater or smaller importance to the state variables as the simulation gets closer to the end of the process.
x(t+∆t)=x(t)+Γ(t) u(t)
(1)
In Eq. 1 and 2, t is the time at the beginning of the control step and ∆t is the duration of the control step. Eq. 2 is optimized approximately nc times, where nc is the target number of control intervals, i.e. roughly how many times the simulation must be stopped and restarted. The simulation might be stopped before or after the simulation time (nc ∆t) has been reached, because a stop criterion based on the state variables is used. In the simplest case, W(t) can be set equal to a diagonal matrix where each element W jj can be either as in equation (3) or (4):
The problem stated in equations 1 and 2 can be defined as a deterministic LQ optimization problem, with terminal state costing [7] and a 1-step ahead adaptive estimation of coefficients. At each time control step, the optimal solution of the problem is:
Depending on the forming process being controlled, the user might decide that some of the coefficients Γ ij (t) of the of the transformation matrix Γ(t) are null; the others are self-estimated by the model. The coefficients Γ ij (t) are adaptively estimated at each control step as the simulation proceeds (1-step ahead) thanks to a least square method with a forgetting factor f<1. In other words, at the beginning of the simulation, the user sets the target number of control intervals (nc). At any control interval when t > f·nc·∆t , the coefficients Γ ij (t) are estimated basing on the results of the previous f·nc intervals, by finding the least square sense to the overdetermined system of equations (6) . At any t ≤ f·nc·∆t , the coefficients Γ ij are estimated basing on the results of all previous intervals.
State variables x(t) are indicators of the quality of the part undergoing the deformation. A thorough discussion of state variables in sheet metal forming can be found in [2] and [8] . The results of these previous investigations is that the deviation of the forming blank from the desired shape can be effectively expressed as the average distance d between the die and the blank itself. Another way of qualitatively indicating the risk of a deviating shape, especially due to wrinkling, is to control the increase of the workpiece surface area Sa. On the other end, there are several different ways of predicting the risk of necking and fracture in sheet metal forming. However, these methods (FLDs, FLSDs, microstructural or and macroscopic damage functions, etc.) all show limitations and involve costly experiments in order to determine the forming limits. For these reasons, in the proposed approach, no state variable for necking is considered, whereas the risk of fracture is reduced by designing the control variables u(t) so that the controller tries to keep them at a minimum, as it tries to minimize Eq. 2. In other words, for each process, control variables must be selected so that their minimization reduces the risk of fracture. For instance, in deep drawing with blankholder force control, the control variable involving the blankholder force (BHF) should be built in such a way that the BHF is kept to the minimum possible level.
With the given considerations, the vector of nondimensional state variables reduces to only two elements (equations 7-8), where: S i is the initial workpiece surface area, S f the final workpiece surface area, d i the initial distance die-workpiece, th the initial sheet thickness. The risk of wrinkling is greater at the beginning of the simulation and smaller at the end. The importance of closing the distance die-workpiece is smaller at beginning and greater at the end. Therefore, the weight in the cost function used for x 1 (t) will be as in Eq. 3, whereas the weight used for x 2 (t) will be as in Eq. 4. It is to be noted that, depending on the algorithm used for calculating Sa and d from the output of each simulation interval, the quality of the mesh and the remeshing options may slightly influence the value of x(t), thus representing a disturbing factor in the control algorithm.
In deep drawing, the goal of ensuring thickness uniformity and preventing fracture can be achieved by minimizing the blankholder force BHF, while trying to control the stroke increments ∆s. The control system can be designed with the two control variables in Eq. 9, where BHF l is a lower limit for the blankholder force and s max is the total required stroke. Since the minimization of the cost function in Eq. 6 forces u 1 and u 2 to be minimized, the structure of Eq. 9 ensures that: -by minimizing u 1 , BHF is kept as close as possible to its lower limit BHF l ; -by minimizing u 2 , the punch is forced to proceed. Eq. 1 can now be transformed into the simple Eq. 10. Consequently, Eq. 2 is transformed into Eq. 11.
Finally, the simulation is stopped when either the punch stroke has reached its maximum value (s=s max ) or the distance d has dropped below a predetermined value (e.g. half the sheet thickness). The overall decision and information flow of the methodology, when applied to deep drawing, can be described as in Fig. 1 .
Criteria for Tuning and Evaluating the Control Approach
The most critical point of the proposed procedure is that the method, as any other control algorithm, requires some previous tuning of the model. More precisely, at the beginning of the simulation, the user must select: the target number of control intervals nc, the duration of each control interval ∆t, the cost factor c f , the limit blankholder force BHF l , the forgetting factor f. However, some considerations, listed as follows, might help reduce the number of coefficients to be tuned and to select the remaining coefficient.
The target number of control intervals nc should be set as the largest possible, provided that with an increasing nc, the computational time required for the LQ optimization proportionally increases. However, it is to be expected that, below a lower value nc l , the quality of the solution drops into a non-feasible area of the process, whereas above an upper value nc u , the quality of the solution does not significantly increase.
The duration of the interval ∆t, once nc has been selected, is easily set since the approximate total simulation time (nc⋅∆t) is bounded by a lower limit, below which the accuracy of the explicit simulation drops (i.e. the amount of kinetic energy raises too high). However, ∆t should not directly influence the quality of the obtained solution.
When selecting the cost factor c f , it is to be expected that greater values for c f provide greater control of wrinkling and distance die-workpiece, whereas smaller values provide greater control of thinning. Hence, there should exist an optimum interval for the cost factor. Previous investigations [2] had shown that, if setting c f =100, reasonably good results could be obtained even with different sheet i i th th FEM interval at time t FEM interval at time t forming processes (e.g. deep drawing and tube hydroforming).
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The lower blankholder force BHF l should be roughly estimated as a lower bound by using any empirical or theoretical formula. It is to be expected that greater values for BHF l provide greater control of wrinkling. However the influence on the quality of the obtained solution, should not strongly depend on BHF l .
The effect of the forgetting factor f is to control the sensitivity of the Γ ij (t) coefficients in the linear model to a change in the process condition. When f is small the change in each coefficient Γ ij (t)-Γ ij (t-∆t) from one control interval to the next might be very high, thus making the loading path BHF(t) unstable, but improving the quality of the obtained solution. Therefore, an optimal interval should exist for f, where the solution is reasonably good (in terms of part quality) and stable.
APPLICATION AND EVALUATION OF THE METHODOLOGY
The deep drawing example described in the following Fig. 2, and 3 , has been used to test the methodology, and to prove the considerations stated at the end of the previous section. In the shown process, maximum thinning can be expected either at the bottom corner of the pan (point A in Fig. 2 ) or at the top of the dome in the center of the pan (point B). Distribution of thickness on the dome is controlled only by material properties and friction, but it cannot be influenced by the blankholder control. For this reason, the quality of each solution, can be simply evaluated by comparing the final thickness value t a at the corner A, provided that wrinkling has occurred.
In order to demonstrate what stated in the previous Section concerning the fine tuning of the model, and in order to evaluate the robustness of the LQ optimization method, several adaptive simulations have been run with changing values of nc (30, 50, 65, 80 and 100), c f (50 and 100), BHF l (19300, 46320, 54040 and 70000 N), f (0.05, 0.1, 0.15, 0.25). In Fig. 3 , an example of the resulting blankholder force is plotted vs. the stroke. The BHF initially increases when there is practically no change in the state variable x 1 (surface area). As x 1 starts increasing (s>25 mm) the BHF initially decreases and it finally tends to stabilize (but with strong and evident oscillations) around the lower bound BHF l . Indeed, in the described deep drawing process, the final results, in terms of minimum thickness t a , is influenced only by the value of BHF when the stroke is 25<s<40 mm. In this region, all solutions tend to be more stable. This means that, outside the region where 25<s<40 mm, the state vector x(t) practically does not depend on the control vector u(t) and this makes the solution very unstable 1 . The instability I of the solution can therefore be measured as in eq. (12).
The results of each simulation have been compared in terms of the instability of the solution, I and the final thickness at point A, t a . An extract of the simulation results is reported in Table 1 . The following considerations can be formulated from the analysis of the results. -As largely expected, when the number of target interval nc increases, both the quality of and the stability of the solution increase (see Fig. 4 ) -When the forgetting factor f is set below a lower bound (i.e. when f=0.05), the solution becomes too unstable, even in the region where 25<s<40 mm. At higher values, increasing f produces almost no change in thickness, and also the influence on the instability (see Fig. 5 and 6 ) is small. -As confirmed by previous investigations, the quality of the solution is best when c f ≅100.
-The quality of the solution is not strongly influenced by the target value of blankholder force BHF l (as shown in Fig. 7) . However, the instability I of the solution tend to decrease when using higher value of BHF l. 
CONCLUSIONS
In conclusion, the described control system seems to be able to provide a feasible solution to the deep drawing process with blankholder force control, with a reasonable robustness of the methodology, provided that: -a sufficient number (about 100) of control intervals nc is used, -the forgetting factor is not too small (at least 10% of the total nc), -the cost factor is about 100, -the preliminary estimation of the minimum required blankholder force (BHF l ) is reasonably accurate. In case where the output solution is considered too unstable for practical purposes, it can be smoothed by different methods.
-Running again the adaptive simulation with increased value of f or nc.
-Using a 2-periods moving average loading curve. As an example, a modified loading curve is plotted in Fig.  8 , using the data already given in Fig. 6 . If FEM simulations are run again with the modified loading paths, the final results, in terms of shape and thickness distribution, are practically unaltered.
